The tumour necrosis factor (TNF) gene and other genes Xanking it in the major histocompatibility complex (MHC) class III region are potentially important mediators of both immunity and pathogenesis of malaria. We investigated the association of severe malaria with 11 haplotype tagging-polymorphisms for 11 MHC class III candidate genes, including TNF, lymphotoxin alpha (LTA), allograft inXammatory factor 1 (AIF1), and HLA-B associated transcript 2 (BAT2). An analysis of 2,162 case-controls demonstrated the Wrst evidence of association between a BAT2 polymorphism (rs1046089) and severe malaria.
Introduction
Malaria caused by Plasmodium falciparum parasites is responsible for 1-2 million deaths per annum, mainly aZicting children in sub-Saharan Africa. It is a complex disease with many genetic and environmental determinants inXuencing the observed variation in response to infection, progression and severity. In order to develop eVective vaccines and anti-malaria therapies, it is crucial to understand the mechanisms of protective immunity against malaria as well as its immunopathology. The human major histocompatibility complex (MHC) class III region contains many genes that are relevant to immunity and inXammation. SpeciWcally, it contains the tumour necrosis factor (TNF)-genomic region (6p21.3) that includes a number of interesting associations with malaria susceptibility and protection (reviewed in Clark et al. 2009; Kwiatkowski 2005) . This region spans approximately 150 kb and includes the genes: (i) MHC class I polypeptide-related sequence B (MICB), (ii) HLA-B associated transcript 1 (BAT1), (iii) ATPase, H+ transporting, lysosomal, subunit g, isoform 2 (ATP6VIG2), (iv) nuclear factor of kappa light-chain gene enhancer in B cells inhibitor-like 1 (NFKBIL1), (v) lymphotoxin alpha (LTA), (vi) TNF, (vii) lymphotoxin beta (LTB), (viii) leucocyte-speciWc transcript 1 (LST1), (ix) natural cytotoxicity triggering receptor 3 (NCR3), (x) allograft inXammatory factor 1 (AIF1), and (xi) HLA-B associated transcript 2 (BAT2) (MHC-Consortium 1999). The LTA+80 polymorphism has been found to be functional, but the evidence of functionality of other polymorphisms in this region is less clear (Knight et al. 2004; see Clark et al. 2009 for a review of potentially functional TNF promoter SNPs e.g. TNF-376).
We investigated associations between SNPs in the TNF-region and severe malaria in the Gambia, but were concerned with several mapping issues. First, the MHC class III region has been found to have a complex haplotype structure (Ackerman et al. 2003) . Second, there are regions in the genome, for example the haemoglobin-beta (HBB) locus, where there are linkage disequilibrium (LD) diVerences between the mixed ethnic Gambian population and the potential reference HapMap Yoruba panel (MalariaGEN and WTCCC 2009) . Therefore, we used a set of Gambian trios (aVected children and their parents) to identify haplotypetagging SNPs (htSNPs) for our population. The resulting htSNPs were tested for association with severe malaria in a Gambian case-control cohort consisting of 2,162 individuals, adjusting for the potentially confounding eVects of population structure.
Methods

Participants and malaria phenotypes
Patient samples were collected as part of ongoing epidemiological studies of severe malaria at the Royal Victoria Hospital, Banjul, Gambia (1,534 severe malaria cases; 628 cord blood controls). All DNA samples were collected and genotyped following approval from the relevant research ethics committees and informed consent from participants. All cases were children (median age 3.5 years; age range 1 month to 13 years) admitted to hospital with evidence of P. falciparum on blood Wlm and clinical features of severe malaria (Marsh et al. 1995) . Subjects were deWned as having had cerebral malaria (CM) if their Blantyre coma score was less than or equal to 2 on presentation or early during admission. A second phenotypic subset of severe malarial anaemia (SMA) was deWned as those subjects having had a haemoglobin concentration of less than 5 g/dl or a haematocrit less than 15%. Participants with co-existing severe or chronic medical conditions (e.g. bacterial pneumonia, kwashiorkor) unrelated to a severe malarial infection were excluded. The overall severe malaria case mix includes: CM only (63.8%), SMA (19.1%), both CM and SMA (11.3%) and other (mostly respiratory distress) (5.8%). Controls were cord blood samples obtained from birth clinics in the same locality as the cases, and thought to approximate a random sample of the population, thus reXecting the true allele frequency. The majority (85.7%) of participants are from four ethnic groups [Mandinka (37.2%), Jola (18.8%), Fula (16.7%), Wollof (13.0%), other (14.3%)], consistent with the ethno-demographics of the Gambia. Limited statistical power due to sample size meant we did not consider individual analyses of each ethnic group.
Selection of SNPs and genotyping
Initially we identiWed 200 SNPs in publicly available databases (including ensembl, NCBI, HapMap) in the TNFgenomic region (6p21.3; see Fig. 1a ) spanning 150 kb and the genes:
, and (xi) BAT2. All selected SNPs were genotyped using MALDI-TOF mass-spectrometry on samples from 128 unrelated parental chromosomes (from 32 Gambian aVected child-parental trios) to conWrm their existence at a useful frequency, LD and to construct haplotypes. These trios are representative of the same ethnic groups as described above. Using the 128 unrelated parental chromosomes, 52 SNPs were found to be polymorphic and did not deviate from Hardy-Weinberg equilibrium (HWE) (one degree of freedom 2 test P > 0.001). Extreme deviations from HWE (e.g. P < 0.001) can be indicative of genotyping error (Teo et al. 2007 ). Application of a maximum entropy procedure (http://www.well.ox.ac.uk/»rmott/SNPS) selected eleven htSNPs (see Table 1 for the list) to be genotyped in all cases and controls using MALDI-TOF mass-spectrometry. These SNPs captured 98% of the entropy (a measure of haplotypic diversity) in the sample. The potentially functional TNF-376 polymorphism is in tight linkage (DЈ = 0.98) with the htSNP TNF-238 (Clark et al. 2009 ). We also genotyped the HbS polymorphism (rs334), as it is known to be strongly associated with severe malaria (Kwiatkowski 2005 ).
Statistical methods
Case-control association analysis using SNP alleles, genotypes and haplotypes was undertaken using logistic regression, adjusting for HbS and self-reported ethnicity. Adjustment for self-reported ethnicity in the Gambian population has been found to be a robust approach to controlling the potentially confounding eVects of population structure (MalariaGEN and WTCCC 2009). Haplotypes were estimated using an expectation-maximisation algorithm, and score tests were applied to assess the level of evidence of both global and individual haplotype associations using the haplo.stats R library (http://www.r-project.org). Multiple independent tests can lead to an inXation of the false positive error rate and spurious associations. By deWnition there is low correlation between htSNPs, and a Bonferroni correction assuming 12 independent statistical tests and a false positive rate of 5%, leads to a signiWcance threshold of P · 0.004.
Results
There is low inter-SNP r 2 LD in the region (see Fig. 1b ), as expected from our tagging-based strategy that minimises the association between htSNPs. SpeciWcally, all pairwise r 2 estimates are less than 0.42, except between rs928815 and LTA+80 (r 2 = 0.94). Two polymorphisms in the MICB gene deviated extremely from HWE in the 628 controls (P < 10 ¡10 ) (see Table 1 ) and cases (P < 10 ¡15 ), indicative of genotyping error (Teo et al. 2007 ), and were not considered for further analysis. Allelic tests of association (Table 1) suggest that TNF-238 (A vs. G OR = 1.33, P = 0.04), AIF1(i) (C vs. A OR = 0.57, P = 0.004), and BAT2(i) (G vs. A OR = 0.73, P < 10 ¡6 ) may be associated with severe malaria (P < 0.05), but only AIF1(i) and BAT2(i) are robust to a Bonferroni correction. No association was found for the functional LTA+80 polymorphism (P = 0.80). Genotypic analysis suggest a heterozygous genotypic eVect (AG vs. AA/GG) for TNF-238 (OR = 1.58, P = 0.005), a dominant C-allele eVect (CC/CA vs. AA) for AIF1(i) (OR = 0.61, P = 0.02), and a recessive (G allele) eVect (GG vs. GA/AA) for BAT2(i) (OR = 0.48, P < 10 ¡6 ), but only the latter result is robust to a Bonferroni correction. Restricting the analysis to CM cases yields similar allelebased (TNF-238 OR = 1.33, P = 0.05; AIF1(i) OR = 0.53, P = 0.003; BAT2(i) OR = 0.70, P < 10
¡7
) and genotypebased (TNF-238 OR = 0.75, P = 0.03; AIF1(i) OR = 0.64, P = 0.04; BAT2(i) OR = 0.48, P < 10
) results. We investigated multi-SNP (haplotypic) eVects on severe malaria (Table 2) . Because of the fragmented inter-SNP LD (DЈ) structure (Fig. 1b) we considered the haplotypes in two sub-regions: (a) rs928815, LTA+80, TNF-1031, TNF-308, and TNF-238 (DЈ range: 0.943-0.999); (b) AIF1(i), AIF1(ii) and BAT2(i) (DЈ range: 0.853-1.000). A haplotype analysis of the contiguous SNPs rs928815, LTA+80, TNF-1031, TNF-308 and TNF-238 indicated no strong association signals [globalstatistic = 9.356, degrees of freedom (df) = 5, P = 0.096]. The only haplotype with the TNF-238-A allele (CGCGA) had an increased risk of severe malaria (P = 0.037), consistent with the allelic-based tests. Restricting the analysis to cases with CM resulted in no evidence of haplotypic eVects (global-statistic = 7.818, df = 5, P = 0.167). An analysis of the contiguous AIF1(i), AIF1(ii) and BAT2(i) polymorphisms indicated a strong signal of overall association (global-statistic = 29.214, df = 4, P < 10 ¡5 ). The haplotypes containing the BAT2(i)-G allele (AGG, CGG) have a reduced risk of severe malaria (P = 0.0002), and the inclusion of the AIF1(i)-C allele (CGG) leads to a 40% reduced risk over that from AGG (P = 0.022).
Restricting the analysis to CM cases (n = 1,152) did not alter these results. We also conWrmed the known protective eVect (»90% reduced risk) of the HbS AS genotype (Table 1) . 
Discussion
The TNF-genomic region is dense with genes that may be mediators of malaria pathogenesis. Our data demonstrate the Wrst evidence that alleles at the BAT2-rs1046089 polymorphism may be associated with severe malaria in the Gambian population. The BAT2 gene has microsatellite repeats which are associated with the age-at-onset of insulin-dependent diabetes mellitus (IDDM) and potentially involved with the inXammatory process of pancreatic betacell destruction during the development of IDDM (Hashimoto et al. 1999) . The inXammatory role of BAT2 is especially interesting for malaria research given that a crucial balance between the induction of an inXammatory response against infection and inXammo-pathology appears to be a key to severe disease progression (reviewed in Langhorne et al. 2008). We also found weaker association evidence for two other candidates with inXammatory roles: the AIF1-rs2259571 (Harney et al. 2008 ) and TNF-238 (Clark et al. 2009 ) polymorphisms. However, neither of these associations is statistically signiWcant after correction for multiple testing. The AIF1-rs2259571 and the BAT2-rs1046089 polymorphisms are in high LD (DЈ), and it remains possible that the observed haplotypic associations with severe malaria arise from a functional variant in high linkage with these SNPs, especially as the MHC class III region is dense with malaria candidates. In addition, long-range LD patterns (Ackerman et al. 2003 ) and population-speciWc haplotypes (MalariaGEN and WTCCC 2009) further complicate the picture. In order to deWne an optimal haplotype tagging SNP set for the case-control study we used a Gambian trio panel, as using another reference population (e.g. HapMap Yoruba panel) may have reduced the power of our analysis (MalariaGEN and WTCCC 2009) . Our initial set of SNPs is derived from publicly available databases, but many more SNPs are yet to be discovered. Future work should involve resequencing the BAT2 gene and the surrounding MHC class III region in the Gambian and other African study populations. The identiWcation of potentially population-speciWc functional variants will assist the design of subsequent large-scale epidemiological and immunological functional studies of malaria.
